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a b s t r a c t
Admixture analysis is one of the methods that can be used to calculate the contribution of
migrations. There are several admixture estimation methods. In the present study, Chikhi
et al.’s admixture method, which considers the effect of genetic drift, was used to estimate
the male genetic contribution of Central Asia to hybrids. It was observed that the male
contribution fromCentral Asia to Turkish populationwith reference to the Balkanswas 13%.
Comparison of the admixture estimate for Turkey with those of neighboring populations
pointed out that the Central Asian contribution was lowest in Turkey. This observation
might be explained by the homogenization between themales of the Balkans and Anatolia.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Recent developments inmolecular genetic techniques resulted in accumulation ofmolecular data in databases. Likewise,
many new computational methods were developed. Some of these in turn allowed scientists to uncover past population
processes more deeply. Contribution by migrations to the gene pool of populations can be partitioned by analyzing the
current pattern of genetic variation with admixture analysis. For the interpretation of the past population processes from
current patterns of genetic variation, interaction of the various evolutionary forces, such as migration, mutation and genetic
drift, must be considered. Furthermore, in genetic analysis, populations are represented by a small number of samples in
comparison to real population sizes. Therefore, estimation errors that result from sampling should also be considered.
Many statistical methods (for example, of Roberts and Hiorns [27]; of Long [24]; of Chakraborty [8]; of Bertorelle and
Excoffier [4]; of Chikhi et al. [10]) have been developed to estimate admixture proportions from genetic data [20]. Methods
differ based on the incorporation of the effects of sampling, genetic drift, and mutation. For example, the method of Robert
and Hiorns ignores all of these factors [20]. The method of Bertorelle and Excoffier includes the effect of sampling and
mutations [4], while Chikhi et al.’s method considers the effects of genetic drift together with the effects of sampling [10].
The Y-chromosome haplogroups are lineages determined by the biallelic markers found on the non-recombining region
of the chromosome [16,36]. Admixture estimates based on Y-chromosomalmarkers show themale contributions. However,
due to the low effective population size [20] and higher reproductive variability of males [6,9], the Y-chromosome is more
prone to genetic drift then the mtDNA, X-chromosome, and autosomal chromosomes. Therefore, to calculate the admixture
estimates for males, methods that consider the effect of genetic drift should be favored.
Anatolia, the Asian part of Turkey, is at the junction between the Balkans, the Near East and the Caucasus. The area has
been occupied since lower Paleolithic times [22]. Because of its geographical location, Anatolia has acted as a bridge and
reservoir for numerous population movements of modern human beings since very early times. For example, during the
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Table 1
List of employed populations, their sample sizes and related references
Region Population from NP NR References
Parental populations Balkansa Greece 76 127 [30]
Albania 51 [30]
Central Asiaa Uighur 109 1009 [21,35]
Kazakhstan 84 [21,35]
Altai 29 [21]
Kyrgyzstan 105 [21,35]
Turkmenistan 47 [21,35]
Uzbekistan 635 [21,35]
Hybrids Turkeya Turkey 553 553 [12,30]
Northern Caucasusa Ingushetia 22 140 [25]
Kabardino-Balkaria 58 [25]
Abkhazia 14 [25]
Chechnya 20 [25]
Dagestan 26 [25]
Southern Caucasus Georgiaa 207 460 [25,30,35]
Azerbaijana 105 [25,35]
Armeniaa 148 [25,35]
Near east Syriaa 20 293 [30]
Iraqa 139 [2]
Lebanona 81 [30,35]
Irana 53 [35]
NP : sample size of population, NR: sample size of region.
a Populations which were used as parent or hybrid in admixture analysis.
harsh climatic conditions of the Last Glacial Maximum (LGM), together with Iberia, Anatolia became a refuge for modern
humans [12]. Again, it was an important reservoir for the farming industry as the farming culture spread through towards
Europe. After the shift to sedentary life, Anatoliawas populated by various civilizations, such as theHattians, Hurries, Hittites,
Phrygians, Lydians, Urartians, Persians, Meds, Romans, Sassanids, Byzantines, Seljuk Turks, and Ottomans [1]. Therefore,
Anatolia continued to be subjected to migrations from different regions throughout time. The last well-known cultural
influence of Central Asian migrations occurred around the 11th Century CE (Common Era) with the migrations of Turkic
speaking nomadic groups known as the Oghuz Turks into the area. [23,34]. In parallel to these migrations, the language of
the region started to be replaced by the Turkic language.
Genetic similarity of the Turkish population to that of Europe and Central Asia was analyzed in several studies.
Correspondence analysis based on protein markers [5], phylogenetic analysis of mtDNA [7,14,15] and comparison of Y-
chromosome based markers [12,28,35] all indicate the relative genetic proximity of the Anatolian population to that of
the European populations. Hence, these results revealed that Central Asian populations had little genetic effect on the
current day Turkish gene pool. On the other hand, in the only study that used an admixture analysis method (method which
considered the effects ofmutation and sampling errors), the Central Asian contribution to the Turkish gene poolwith respect
to the Balkans was estimated as 30% [3]. It was argued that after the language replacement in the region, Turkey might have
become the center of attraction for the Turkic speaking groups. Hence, the genetic contribution is attributed mainly to the
migrations of Turkic speaking groups over the last 1,000 years [3].
In the present study, Central Asian contribution to Turkish gene pool in terms of males was quantified by using
an admixture method that considers the effects of genetic drift and sampling errors. Furthermore, to obtain a broader
perspective about the past population histories of Western Asia, in addition to Turkey, neighboring regions (Northern
Caucasus, Azerbaijan, Armenia, Georgia, Syria, Lebanon, Iran, and Iraq) were also analyzed.
2. Materials and methods
2.1. Compiled data
In the present study, data for 2582 individuals from 21 populations was compiled from literature between 2004 and
2005. The sample sizes and related references for the analyzed populations are given in Table 1.
As well as individual populations such as population from Turkey, regional populations specified in Table 1 were
considered. Central Asia and the Balkans were accepted as the parental populations. Populations from Kazakhstan,
Kyrgyzstan, Uighur, Altai, Uzbekistan, and Turkmenistan form the composite population of Central Asia, whereas the
composite population of the Balkans harbor populations from Greece and Albania. Admixed, hybrid populations were
compiled from Turkey, the Southern Caucasus (Azerbaijan, Armenia and Georgia), the Northern Caucasus (Ingushetia,
Kabardino-Balkaria, Abkhazia, Dagestan and Chechnya) and the Near East (Syria, Iraq, Lebanon and Iran).
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2.2. Statistical analysis
In the present study, the Y-chromosome haplogroup nomenclature was used in accordance with the Y Chromosome
Consortium [36]. The haplogroup diversity for the Y-chromosome haplogroups was determined using the Arlequin 3.01
package program [18]. The diversity and its sampling variance are estimated as given in the book ‘‘Molecular Evolutionary
Genetics’’ [26].
Hˆ = n
n− 1
(
1−
k∑
i=1
p2i
)
V (Hˆ) = 2
n(n− 1)

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)2
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where n is the number of gene copies in the sample, k is the number of haplogroups and pi is the sample frequency of
the ith haplogroup [26].
2.3. Admixture analysis
Contribution by migrations to the gene pool of populations can be partitioned using admixture analysis. In the simple
admixture model populations, over time, can be isolated from each other and thus evolve independently. When isolated
populations, which are assumed to be the parental populations in the admixture model, come into contact, a genetic
admixture occurs and a new hybrid (admixed) population is formed [4,10]. In the presented study, the Chikhi et al.’s [10]
admixture estimation method implemented in the LEA package program was used. The method assumes that P1 and P2
are two independent parental populations, of size N1 and N2. T generations ago, these two parental populations came
into contact and formed the hybrid (admixed) population by contributing a proportion p1 and p2 of the genes of the
hybrid, H , of size Nh. The gene frequencies at the time of hybridization are given by the vectors x1, x2 and p1x1 + p2x2
in the parental populations and hybrid population respectively. The method further assumes that the parental populations
and hybrid continue to evolve independently after the hybridization event. The Chikhi et al.’s [10] method estimates the
admixture proportion of one of the parent (p1) by applying a Bayesian and coalescent-based approach. In the present study,
P1 represents the Central Asian parental population and the calculated admixture estimate (p1) corresponds to the Central
Asian contribution to the hybrid populations. P2 and H represent the Balkan and hybrid populations (Turkey, Azerbaijan,
Armenia, Georgia, Northern Caucasus, Syria, Iraq, Lebanon and Iran) respectively. Furthermore, the amount of genetic drift
since the admixture event (t1,t2,th), which is determined by the time (T ) scaled by the effective population size (Ni) for the
parental populations and the hybrid population, were also obtained from the admixture method [10].
In the Bayesian approach, inferences about a set of parameters, Ψ , are made by using the information provided through
the observation of the data, D [10]. In the Chikhi et al.’s method, the estimated parameters are p1, t1, t2, th,x1 and x2.
p(Ψ |D) = p(Ψ )p(D|Ψ )
p(D)
.
The prior distribution p(Ψ ), likelihood function p(D|Ψ ), and posterior distribution p(Ψ |D). are the three basic
components in the Bayesian framework. In Chikhi et al.’s [10] method, flat priors for p1, t1, t2, th and Dirichlet distributions
for x1 and x2 were used. By using these distributions as the priors, the model does not make any specific assumption about
how genetically distant the parental populations are. In turn, this means that the model encompasses all possible histories
of the parental populations. The likelihood function given in Chikhi et al. [10] is as follows:
P (D| p1, t1, t2, th, x1, x2) = p (a1, a2, ah| p1, t1, t2, th, x1, x2)
=
∑
c1c2ch
∑
f1f2fh
ABC,
where
A = p (a1| f1) p (a2| f2) p (ah| fh)
B = p ( c1| t1, n1) p ( c2| t2, n2) p ( ch| th, nh)
C = p ( f1| x1, c1) p ( f2| x2, c2) p ( fh| p1x1 + (1− p1)x2, ch) .
a1, a2, ah: sample frequencies in present day samples of P1, P2,H.
f1, f2, fh: founder frequency counts in P1, P2,H.
c1, c2, ch: number of coalescence in the genealogical history.
n1, n2, nh: sample size of P1, P2,H.
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Table 2
Populations together with haplogroup diversities
Region Population Number of haplogroup Haplogroup diversitya
Balkans Greece 9 0.746± 0.029
Albania 6 0.789± 0.019
Total 9 0.723± 0.028
Central Asia Kazakhstan 10 0.652± 0.055
Kyrgyzstan 9 0.720± 0.034
Uyghur 12 0.813± 0.027
Uzbekistan 14 0.839± 0.009
Turkmenistan 6 0.746± 0.043
Altai 6 0.648± 0.079
Total 15
0.831± 0.007
Turkey Turkey 15
0.799± 0.010
Northern Caucasus Kabardino-Balkaria 7 0.816± 0.024
Ingushetia 6 0.779± 0.046
Chechnya 7 0.816± 0.058
Dagestan 6 0.612± 0.084
Abkhazia 6 0.846± 0.061
Total 9
0.828± 0.013
Southern Caucasus Armenia 9 0.812± 0.017
Azerbaijan 8 0.819± 0.018
Georgia 9 0.794± 0.010
Total 9
0.812± 0.007
Near East Syria 6 0.821± 0.045
Lebanon 8 0.762± 0.020
Iran 8 0.748± 0.040
Iraq 7 0.612± 0.039
Total 12 0.751± 0.016
a Haplogroup diversity± standard error.
3. Results
3.1. Haplogroup frequencies for the Y-chromosome
Haplogroups for Y-chromosome biallelic markers were determined by several studies (see e.g., [30,33]). In the collected
data set, 17 of these haplogroups were detected. When the entire data set (not shown) was considered, the most frequently
observed Y-chromosome haplogroups were J (23.6%) and R (25.4%). The highest frequencies for haplogroup J were seen in
the Near East (41.0%), Turkey (33.8%) and the Southern Caucasus (27.2%). All haplogroups, except D, were observed in the
Turkish population. In the compiled data set, theDhaplogroupwas present in Asiawith a low frequency (1.3%). In Turkey, the
highest frequencies were seen for J, R, E and G haplogroups (33.8%, 23.5%, 11.6% and 10.7% respectively). Haplogroups C and
O were seen with 22.9 % frequency in Central Asia. These two haplogroups constitute only 1.5 % of the Turkish haplogroups.
They were also seen in Iran (1.9%), Northern Caucasus (1.4%), Lebanon (1.2%) and in the Balkans (0.6%).
3.2. Haplogroup diversity based on the Y-chromosome
The haplogroup diversity for the Y-chromosome haplogroups is given in Table 2. Haplogroup diversity measures showed
that Central Asia (0.831 ± 0.007), the Northern Caucasus (0.828 ± 0.013) and the Southern Caucasus (0.812 ± 0.007)
had the highest diversities in the analyzed dataset. The diversity estimates for Turkey (0.799 ± 0.010) and the Near East
(0.751 ± 0.016) were very similar to each other and were lower than the estimates for the Central Asia and the Caucasus.
The lowest diversity estimates were obtained for the Balkans (0.723± 0.028).
3.3. Admixture estimates
Table 3 presents the Central Asian admixture estimates (p1), and associated 95% confidence intervals (CI) for each of the
hybrid populations. Results indicated that the Central Asian contribution was lowest for the Turkish population (13%), and
highest for the Iranian population (58%).
3.4. Drift
Fig. 1 displays the posterior distributions for the genetic drift since admixture for the parental populations and their
hybrids. For the parental populations Fig. 1(A) and (B) each curve corresponds to an estimate of genetic drift obtained from
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Table 3
Central Asian admixture estimates in the hybrid population
Region Hybrid Estimate 95% CIa
Turkey Turkey 0.130
0.057 – 0.181
Southern Caucasus Azerbaijan 0.344 0.153 – 0.374
Armenia 0.406 0.219 – 0 424
Georgia 0.343
0.164 – 0.376
Northern Caucasus Northern Caucasus 0.320
0.155 – 0.354
Near East Syria 0.317 0.155 – 0.362
Iraq 0.263 0.116 – 0.311
Lebanon 0.248 0.122 – 0.293
Iran 0.575 0.351 – 0.557
a These intervals represent the values between the 0.025 and 0.975 quartiles for p1 .
Fig. 1. The posterior distribution curves of the ti = T/Ni for parental populations and hybrids. A: Central Asia, B: Balkans, C: Hybrids (Turkey, Azerbaijan,
Armenia, Georgia, Northern Caucasus, Syria, Iraq, Lebanon and Iran).
the analysis of a particular hybrid. When parental populations were considered analysis revealed similar, narrow curves
Fig. 1(A) which indicate that the effects of genetic drift on the Central Asian parental population (composite population)
have been low since the time of the admixture event. On the other hand, the posterior distribution curves for the Balkans
were much wider and more variable Fig. 1(B). In Fig. 1(C), each curve corresponds to ti distribution of a separate hybrid.
In contrast to the parent populations, when the distributions for the hybrids were considered, relatively wide curves were
obtained for all of the hybrids Fig. 1(C).
These results indicate that many of the employed hybrids experienced random genetic drift. The narrowest curve was
obtained for the Turkish population Fig. 1(C) suggesting that Turkey had a large, long-term population size and therefore
was not greatly affected by drift, whereas other hybrids might have had smaller population size and experienced higher
genetic drift.
3.5. Comparison of admixture estimates of Anatolia with its closest neighbors
Fig. 2 illustrates the Central Asian genetic contribution to Turkish population and its Northern and Southern neighbors
comparatively. When the admixture estimates of Turkey were compared with those of its closest neighbors from the north
(Armenia and Georgia) and south (Iraq, Iran, Lebanon, and Syria) higher contributions from Central Asia were observed in
the neighboring regions.
4. Discussion
Previous studies indicated that Anatolia has a stepping stone position between Asian and European populations and
it is closer to the European populations [5,7,12,14,15,35]. In the literature, there were attempts to quantify the Asian
contribution to the Turkish gene pool. From these studies, Cinnioğlu et al. [12] and Rolf et al. [28] used the frequencies
of Asian specific lineages to quantify the Central Asian contribution to Anatolia. Cinnioğlu et al. [12] determined the Central
Asian contribution as lower than 9% by comparing the frequencies of Asian specific Y-chromosome haplogroups, C and
O3, in Asia and Anatolia. Based on mtDNA haplogroups (H, U, K, T, and M) and allele frequencies of two Y-chromosome
microsatellite loci, Rolf et al. [28] determined that there is approximately 10% Central Asian contribution in Anatolia. To find
the Central Asian contribution to Anatolia, admixture analysis was used in a study by Benedetto et al. [3]. Based on Bertorelle
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Fig. 2. Comparison of the contributions from Central Asia to Anatolia together with its Northern and Southern neighbors.
and Excoffier’s admixture method [4], a 30% contribution for mtDNA, 47% for Y-chromosomemicrosatellites, and 35% for an
autosomal microsatellite was determined [3]. In the Bertorelle and Excoffier’s [4] method the effect of genetic drift was not
taken into account. Genetic drift has higher impact on rare haplogroups/alleles. By excluding the rare haplogroups/alleles
from the data set, they found that the Central Asian contribution to Turkish population was approximately 30%. However,
using the frequencies of only some haplogroups/alleles may result in a bias due to insufficient use of the data [11].
In the present study, because the Y-chromosome haplogroups which are known to be affected most heavily by the drift
were analyzed, the Chikhi et al.’s admixture estimation method [10] was used. For a population, if the posterior distribution
curves are narrow and almost identical than it is suggested that the population experienced a limited drift since admixture
and had a rather large, long-term population size [10,11]. The distributions of the drift estimations indicated that the pooled,
composite parental population of Central Asia (n = 1009) experienced limited drift between the time of admixture and
sampling Fig. 1(A). In the Balkans (n = 127) the distributions were much wider and more variable Fig. 1(B). The effects of
genetic drift on Central Asia [37] and Greece [17] have been determined in previous Y-chromosome studies. Hence, it can
be argued that pooling to form a composite population of Central Asia might have hidden the effect of the drift experienced.
The Northern Caucasian populations, which appear to be prone to genetic drift [25], were also grouped together (n = 140).
However, even after pooling, the effect of genetic drift was high in the Northern Caucasus Fig. 1(C). Since all of the hybrids
exhibited the effect of drift the use of Chikhi et al.’s [10] admixture model was supported.
With the use of the full dataset (frequencies of all haplogroups) and by considering the effect of genetic drift and sampling,
Central Asian contribution to Anatolia was estimated as 13%. The calculated Central Asian contribution was considerably
lower than the estimate of Benedetto et al.’s [3] (30%). At this point of discussion, it must be emphasized that in addition to
the use of a different admixturemethod, the parental population composition of Benedetto et al.’s [3] and that of the present
study were also different. On the other hand, although the estimation methods were different, the calculated admixture
estimate was parallel to that of Cinnioğlu et al. [12] and Rolf et al. [28].
Anatolia and neighboring regions received multiple migrations from Asia throughout time. Starting from the 10th
Century CE, they started to spread away from their homeland, north bank of Syr Darya [13]. Conventionally, the date of their
arrival to Anatolia was 1071 and was formally referred to as Seljuks [23,34]. In parallel to these migrations, the language
of the region started to be replaced by the Turkic language. However, there had been individual arrivals from Central Asia
since the days of the Abbasid Caliphate [13]. Furthermore, migrations of Turkic tribes to and around Anatolia did not cease
after the arrival of Seljuks [23], instead they were facilitated by the attraction of the newly introduced language [3] and
continued for more than two centuries [29,34]. It is hypothesized that if there were a specific contribution related with the
language replacement then there would be a higher genetic contribution from Central Asia to Turkic speaking Turkey and
Azerbaijan than that of Indo-European speaking Armenia, Kartvelian speaking Georgia, Afro-Asiatic (Arabic) speaking Syria,
or the Caucasian speaking Northern Caucasus. Hence, admixture estimates reflecting the Turkic language related Central
Asian contributions must be higher in Turkey and Azerbaijan and jointly they should appear as an island in a territory of
non-Turkic speaking populations. The Central Asian contribution to the other Turkic speaking population, Azerbaijan, was
34%. However, for all non-Turkic speaking populations, the Central Asian contribution was higher than for that of Turkey
and the Central Asian contribution of 13% in Turkey was unexpectedly low. Did Anatolia received fewer migrations from
Central Asia compared to the other hybrids, or is there another explanation?
If there were homogenization between the Balkans and Turkey, this would increase the similarity of Turkey to the
Balkans, which is the second assumed parent, and would cause a dilution in the Central Asian contribution in Turkey.
Male mediated gene flow between the Balkans and Anatolia was also hinted at I and E haplogroups. The haplogroup I
originated in the Balkans [31]. Studies show that the haplogroup I radiates into western Turkey [12]. In accordance with
these studies it was found that the frequencies of Haplogroup I were higher in the Balkans (0.12) but lower in Turkey
(0.05), Azerbaijan (0.03), and significantly lower in the Near East (0.01). Haplogroup E is believed to have originated in
Africa. The sub-haplogroup seen outside Africa is E3b and it dispersed to the Near East and then to the west during the
Neolithic times [31]. In the present study, haplogroup E was seen in high frequencies in the Near East (0.19). However,
higher frequencies of haplogroup E found in the Balkans (0.20) and Turkey (0.12) relative to the Northern Caucasus (0.01),
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Georgia (0.02), Armenia (0.05) and Azerbaijan (0.07) might further support the increased similarity between the Balkans
and Anatolia.
Furthermore, in its past Anatolia has had several migrations from the Balkans with the Phrygians, Ionian Greeks, Lydians,
Medians, and with the expansions of Alexander’s, Roman and Byzantine Empires [32]. Therefore, before the invasion of
Turkic speaking tribes Anatolia must have a relatively high similarity to Balkan populations compared to the other hybrid
populations. When recent historical relations are considered, it can be suggested that the Janissaries, an army composed of
originally Christian boys from the Balkanswhowere employed for 4 hundred centuries during theOttoman times [19],might
be at least partly responsible for this homogenization. Thus, these homogenizations must be hindering the quantification of
Central Asian contribution in Anatolia.
As a conclusion, genetic similarity between Anatolia and the Balkans seemed to be high within males as determined in
some of the previous studies. Yet it is realized that the Central Asian contribution in the last 1000 years in Anatolia cannot
be resolved due to the exchanges of humans between the Balkans and Anatolia during this time interval. Finally, the present
study suggested that Central Asian contribution was present in all over the analyzed region but the contributions ranging
between 13%–58% must be considered with a caution because they harbor uncertainties about the state of pre-nomadic
invasion and further local movements.
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